INTRODUCTION
Classical store-operated Ca 2+ (SOC) channels are distributed nearly ubiquitously and mainly consist of a two-component system, STIM1 and Orai1, which are critical for physiological functions in immune cells such as T cell activation and gene regulation (1, 2) . SOC channels are activated by cell surface receptors that deplete endoplasmic reticulum (ER) Ca 2+ stores through the soluble second messenger IP 3 (inositol 1,4,5-triphosphate) (3) . STIM1 directly senses a drop in the ER Ca 2+ concentration (4, 5) and subsequently binds to the Orai1 channel at sites of close contact between the ER and the plasma membrane (6) (7) (8) (9) (10) . The STIM1/Orai1 complex generates a highly Ca 2+ -selective current that triggers many Ca 2+ -dependent signaling events, including activation of the transcription factor NFAT (nuclear factor of activated T cells) (11, 12) .
In humans, the heavily suppressed SOC entry displayed by nonfunctional or nonexpressing STIM1 and Orai1 mutants causes immunodeficiency, ectodermal dysplasia, and muscular hypotonia (1, 13, 14) . Conversely, constitutively active STIM1 or Orai1 mutants bypass the requirement for ER-dependent store depletion, which results in thrombocytopenia, bleeding diathesis, miosis, and tubular myopathy (14) . Altered STIM1 and Orai1 abundance has been correlated to different stages of cancer progression, including proliferation (15) , migration and metastasis (16, 17) , and tumor growth (18, 19) , as well as apoptosis resistance (15) . However, researchers have not yet determined whether cancer-associated mutagenesis within the almost ubiquitously distributed STIM1/Orai1 channel complex can alter cellular functions and contribute to pathogenesis (20) . Moreover, it is still unknown precisely how Orai1 mutations that result in disease induce channel gating.
The atomic structure of Drosophila melanogaster Orai (dOrai) depicts a closed-channel conformation with a central ion pore formed by six transmembrane 1 (TM1) helices and surrounded by two rings, one of TM2/TM3 and one of TM4 helices (21) . Crystallographic studies and functional experiments of the pore have provided insight into its structure, revealing the presence of two major sites that control Ca 2+ permeation. The first site is a hydrophobic gate that spans the gap between the pore-lining residues Phe 99 to Val 102 and has been reported to require a pore helix rotation for activation (22, 23) . Point mutations of these residues have resulted in the formation of constitutively active but nonselective channels (22, 23) , and coexpression of STIM1 restores the Ca 2+ selectivity of the Orai1-V102A mutant (22) . The second site, which is made up of positively charged TM1 residues including Arg 91 , may form an internal electrostatic gate (21, 24, 25) . A hydrophobic R91W mutation that causes severe combined immunodeficiency (SCID) fully occludes the channel pore and entirely abolishes Ca 2+ entry (21, 24, 25) . It is not known whether both gating sites are required to open the Orai1 channel and how the gating is controlled. Here, we characterized several Orai1 mutants derived from human tumors. These mutants had constitutive Ca 2+ influx and induced transcription factor activation independently of physiological stimuli. We propose a gating mechanism for constitutively active Orai1 channels and show how the membrane connectivity controls two gates.
RESULTS

Several Orai1 mutations retrieved from cancer databases result in constitutive Ca
2+ influx and NFAT-driven gene expression independently of physiological stimuli Altered STIM1 and/or Orai channel abundance has frequently been linked to different stages of cancer progression (20, 26) . The Web 1 resource cBioPortal (http://cbioportal.org) allows investigation of a large data set comprising more than 30 types of cancer from 11,000 patients analyzed using next-generation sequencing in combination with advanced bioinformatics data processing (27) . By using cBioPortal, we sought to find gain-of-function Orai1 point mutations, which potentially alter Ca 2+ cell signaling. Cancer-derived Orai1 single-point mutants affected 37 different amino acids in different patients. These tumors contained several mutations in other proteins as well. Of the Orai1 mutations, 14 mutants were selected because they occurred at residues that are conserved among species (Fig. 1A) . Each of these Orai1 mutations occurred in a tumor of an individual patient. These Orai1 mutants were overexpressed and monitored for constitutively active Ca 2+ signals by using an approach based on fluorescence and measuring NFAT-dependent gene expression (1) . NFAT requires enhanced Ca 2+ concentrations mediated by Orai1 or voltage-gated Ca 2+ channels and calmodulin to activate the phosphatase calcineurin, which dephosphorylates NFAT, resulting in the translocation of NFAT into the nucleus to promote gene regulation (28) (29) (30) ). An NFAT reporter in which the expression of a red fluorescent protein (RFP) was under the control of an NFAT promoter served as a readout for yellow fluorescent protein (YFP)-labeled Orai1-dependent NFAT signaling. The constitutively active Orai1-L138F mutation, which causes myopathy (31) , and Orai1-V102A (22) served as positive controls. Heterologously expressed Orai1-V102A and Orai1-L138F in RBL mast cells resulted in~30 to 40% RFP-positive cells in a medium containing 2 mM Ca 2+ . Overexpression of wild-type Orai1, which served as a negative control, yielded~5% RFP-positive cells (Fig. 1 , B and C), because wild-type Orai1 requires store depletion and STIM1 coexpression for NFAT stimulation. Of the 14 Orai1 mutants investigated, 5 were identified as gain of function in our screen because they significantly enhanced constitutive NFAT activation. These were Orai1-A137V from a patient with colorectal adenocarcinoma (32) , Orai1-M139V from a stomach carcinoma (33) , Orai1-S159L from a uterine carcinoma (34) , A177D from the cancer cell line NCI-60, and G247S from a neck carcinoma (35) . When heterologously expressed in human embryonic kidney (HEK) cells, all five of these Orai1 mutants yielded significantly enhanced cytosolic Ca 2+ concentrations at resting conditions compared to wild-type Orai1 (Fig. 1D) Orai1-A137V
Orai1-G247S
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Frischauf et al., Sci. Signal. 10, eaao0358 (2017) 28 November 2017the plasma membrane. Several other engineered Orai1-Gly 183 mutants were also incorrectly localized, which would be expected to result in loss of function ( fig. S1D) .
We selected an Orai1-A137V mutant that had been identified in a colorectal tumor and an Orai1-L138F myopathy mutant for further analysis in live-cell experiments. As in HEK cells, Orai1-A137V yielded significantly enhanced Ca 2+ concentrations at resting conditions in colorectal carcinoma HCT-116 cells ( fig. S1 , B and C). The store-operated activation of the Orai1-A137V mutant, which was induced by the SERCA inhibitor thapsigargin, generated Ca 2+ peaks that were similar to those seen in mock-transfected cells ( fig. S1 , B and C). In addition, we carried out patch-clamp measurements in HEK cells to examine the current activation of Orai1-A137V mutants in the presence of 10 mM Ca 2+ in the cell bath, either with or without coexpressed STIM1. Storedependent activation was induced by buffering cytosolic Ca 2+ with 20 mM EGTA. Coexpression of STIM1 and Orai1 resulted in store-operated, Ca 2+ -selective currents ( Fig. 1, E and F) . Expression of Orai1-A137V alone resulted in the production of a small, constitutively active current (Fig. 1E ), and coexpression with STIM1 enhanced the activation of the store-operated currents (Fig. 1E) . In addition, both the constitutive Orai1-A137V currents and the store-operated currents that were produced upon STIM1 coexpression exhibited Na + permeation in a divalent-free (DVF) bath solution (Fig. 1 , G and H). However, these currents were less selective than those of wild-type Orai1 ( Fig. 1F and table S1 ), suggesting that the mutation affected not only the activation state but also the selectivity of the channel. In analogous experiments, the Orai1-L138F myopathy mutant yielded small constitutive currents that were further enhanced by STIM1 coexpression upon store depletion ( fig. S1 , E to G, and table S1). Hence, these two Orai1 mutants, which are located close together in the protein, switch the channel into an active state, which activates NFAT-dependent transcription in the absence of store depletion.
A central TM2 segment is connected to the pore helix by hydrogen bonds Three constitutively active Orai1 mutations (Ala ), two of which were obtained from the cancer database and one of which is related to myopathy, are clustered within the central TM2 segment (Fig. 2A) . Because this TM2 helix segment is near the side chains of neighboring TM1 and TM3 helices, we examined whether these three mutations could potentially interfere with side-chain interactions occurring in these TM helices. We conducted molecular dynamics simulations of the human Orai1 (12) (Fig. 2, C and D, and fig. S2A ) in the TM1 pore helix. We attempted to disrupt the hydrogen bond experimentally with an engineered Orai1-H134A mutation (Fig. 2E) . Overexpression of this mutant resulted in greater NFAT-driven gene expression (Fig. 2F) -free bath solution to detect the coexpression of the NFAT reporter and WT Orai1 or Orai1-H134A, indicated by blue bars (n = 3 to 5 cell images, each from a separate transfection).
the other Orai1 mutants (Fig. 1B) (Fig. 2F) , indicating that substitutions of amino acids with mainly small, negatively polarized, or negatively charged side chains at His 134 resulted in greater constitutive NFAT-driven gene expression. To determine how the connectivity between TM2 and the pore helix was altered by constitutively active mutations, we used molecular dynamics simulations for the constitutively active Orai1-H134A mutation, which increased NFAT signaling (Fig. 2E) , the Orai1-L138F mutation related to myopathy (Fig. 2G) , and the colorectal Orai1-A137V mutation (Fig. 2H) fig. S2, B and C) . The results of these experiments provide evidence of the regulatory effect of TM connectivity, which is formed by specific hydrogen bonds between the pore and the surrounding TM2 helices. Disruptions of these hydrogen bonds (as in Orai1-H134A) or the induction of hydrophobic contacts (as in Orai1-A137V and Orai1-L138F) are expected to turn Orai1 into a constitutively active channel that fully or partially stimulates NFAT signaling. (Fig. 3A) . The maximum currents measured for Orai1-H134A did not increase further when STIM1 was coexpressed and were comparable to those of wild-type STIM1/Orai1-mediated channel activity (Fig. 3B) . Electrophysiological analysis indicated that the Orai1-His 134 point mutants were either constitutively active, store-dependent, or mainly inactive. Similar to the mutants assessed with the NFAT reporter (Fig. 2F) , the first group of constitutively active Orai1-His 134 mutants (with substitutions of Ala, Cys, Glu, Gly, Met, or Val) was not further activated upon STIM1 coexpression and store depletion (Fig. 3B) . However, Orai1-H134E currents were additionally enhanced by this store-operated protocol (Fig. 3B) . The second group of storedependent Orai1-His 134 mutants consisted of Orai1-H134N and Orai1-H134Q. Orai1-H134Q exhibited mild constitutive activation, and both Orai1-H134N and Orai1-H134Q exhibited enhanced store-dependent activation (Fig. 3C) . The third group of mutants with strongly reduced, storedependent activation mainly had large, hydrophobic side-chain substitution at His 134 (Phe, Trp, Tyr, and Leu) (Fig. 3D ). Orai1-H134W showed reduced binding affinity to an ORAI1-activating small fragment (OASF) from the C terminus of STIM1, which is sufficient for Orai1 activation (Fig. 3, E and F, and fig. S3A ) (7, 36) , implying that the Trp 134 mutation induced larger structural rearrangements than other mutations. Apart from the drastic effect of the Orai1-H134A mutation on gating, the current of this mutant remained Ca -selective, constitutively active Orai1-H134A mutant described here, the Orai1-V102C and Orai1-G98D mutants that have been previously reported are less selective [~+20 mV (22) and~0 mV (25) , respectively]. In the presence of STIM1, the Ca 2+ selectivity of constitutively active Orai1-His 134 mutants was increased (table S1 and selectivity (V rev~+ 60 mV) similar to that exhibited by wild-type Orai1 (table S1 ). In addition, we investigated whether the constitutively active Orai1-L138F mutant related to myopathy could be reversed into an inactive state upon mutating Ala
138
. Orai1-L138A was targeted to the plasma membrane ( fig. S3D) 2+ concentrations are toxic to cells; however, overexpression of the constitutively active Orai1 mutants identified through the cancer database screen, the myopathy mutant, or the H134A mutant did not significantly enhance cytotoxicity ( fig. S4A ). The phosphatase calcineurin activates not only NFAT but also the transcription factor EB (TFEB) (37) . TFEB and the closely related MITF (microphthalmia-associated transcription factor) translocate from the cytosol into the nucleus upon cell starvation ( fig. S4B ) to activate genes involved in autophagy and mitophagy (37, 38) . The constitutive nuclear localization and dysfunctional gene regulation of MITF and TFEB serve as oncogenic drivers for pancreatic cancer metabolism (39, 40) . For these reasons, we asked whether either the constitutively active Orai1 mutants activated other calcium-regulated transcription factors in addition to NFAT. In HEK cells coexpressing STIM1 and Orai1 in a bath solution containing 2 mM Ca 2+ , thapsigargin treatment to trigger storeoperated Ca 2+ entry induced complete nuclear translocation of cyan fluorescent protein (CFP)-tagged NFAT (12) and varying degrees of nuclear translocation of CFP-TFEB and CFP-MITF (Fig. 4A) . Next, nuclear translocation of MITF (Fig. 4 , B to D) and TFEB (Fig. 4 , E to G) was evaluated in HEK cells overexpressing the constitutively active Orai1 mutants in the presence or absence of external Ca MITF localization but not TFEB nuclear translocation even after 24 hours. Cells expressing Orai1-H134A alone showed TFEB nuclear translocation after only 4 hours after exposure to Ca 2+ -containing media. TFEB is a master regulator of autophagy (41) and starvation-induced clear autophagosome formation, as determined by the phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) reporter green fluorescence protein (GFP)-2xFYVE (Fig. 4, H and I ). Of the constitutively active Orai1 mutations tested, only the overexpression of Orai1-H134A induced autophagosome formation in a Ca 2+ -dependent manner (Fig. 4, H and I) . These results show that the Ca 2+ signals induced by several Orai1 mutants identified through cancer database screening are uncoupled from physiological stimuli and activate MITF and NFAT transcription.
The constitutively active Orai1-H134A mutant shows locally increased pore size To understand how TM2 mutations mechanistically induce Orai1 channel gating, we initially focused on Orai1-H134A, because this mutant exhibits both substantial Ca 2+ selectivity and high constitutive activity. Furthermore,pharmacologicalcharacterization revealed that application of the potent Orai1 channel blocker, 2-aminoethoxydiphenyl borate (42) , also inhibited Orai1-H134A currents ( fig. S5A ). Moreover, in the presence of STIM1, Orai1-H134A showed fast inactivation to a similar extent ( fig. S5B ) as wild-type Orai1. However, Orai1-H134A currents lacked fast inactivation in the absence of coexpressed STIM1, further highlighting the key role played by STIM1 in fast inactivation ( fig. S5B) (43) (44) (45) .
Molecular dynamics simulations of wild-type Orai1 (Fig. 5, A and B) (12) and Orai1-H134A (Fig. 5 , B and C) in a lipid bilayer were performed to visualize structural changes that occurred upon gating. Two gating sites have been identified in the pore (21, 22, 46) Homology modeling revealed that human wild-type Orai1 had a similar pore profile to that of the dOrai1 channel ( fig. S6 , A to C). In the 200-ns molecular dynamics simulations performed for the human wild-type Orai1, the obtained pore structure remained unaltered. Molecular dynamics simulations for Orai1-H134A showed that the pore for the mutant had small but essential configuration changes within the pore. The selectivity filter formed by the pore-lining Glu 106 residues of both mutants was maintained (Fig. 5 , A to C) with a bound Ca 2+ ion. However, the pore helical segment that includes the selectivity filter was more rigid in Orai1-H134A simulations, based on backbone flexibility measurements (Fig. 5D) . The central hydrophobic pore segment formed a narrow part of the wild-type Orai1 pore and was slightly widened in the Orai1-H134A simulation (Fig. 5, A to C) . In wild-type Orai1 simulations, the most rigid segment of the pore helix (Fig. 5D) was composed of Arg 91 side chains. These arginine residues were oriented toward the center of the pore and formed the narrowest part of the pore surface (Fig. 5, A and B) . This rigid structure (Fig. 5D) forced the Arg 91 side chains to face inward into the pore and overcame their electrostatic repulsion. Unlike wild-type Orai1, the basic pore segment of the Orai1-H134A channel exhibited increased flexibility (Fig. 5D ). This increased backbone flexibility had important consequences in that it extended the radius of the basic pore segment by 1 to 2 Å. The more cytosolic portion of the pore segment had a radius similar to that of wild-type Orai1 (Fig. 5B) fig. S7A ), similar to a previously studied Orai1-V102A-R91W mutant (22) . Hence, the opened Orai1-H134A pore is not as greatly altered as the Orai1-G98D pore and remains more Ca 2+ -selective than the Orai1-V102A pore.
To experimentally evaluate the differences in the pores of the wildtype Orai1 and Orai1-H134A channels, we used a systematic cysteine scanning approach with wild-type Orai1 and Orai1-H134A. Efficient cross-linking between cysteines at specific residues in TM1 provides evidence for their close proximity in the channel pore (12, 47) . We engineered single cysteine substitutions within the Orai1 pore-forming TM1 helix (Arg 83 to Glu 106 ) in a cysteine-free Orai1/Orai1-H134A background and determined the degree of dimerization. In the presence of Cu 2+ phenanthroline to induce cysteine cross-linking, the cysteinefree Orai1 or Orai1-H134A remained monomers, whereas single cysteine substitutions resulted in both monomeric and dimeric bands, dependent on their position in the channel (Fig. 5, E to G) . We found that the highest degree of dimerization of pore-lining Orai1 residues occurred at positions Glu , which are separated by stretches of residues that show less reactive cysteine cross-linking (Fig. 5F ). These findings suggest a pore-facing position of these residues, in agreement with results from our Orai1 molecular dynamics simulations, the crystal structure of the dOrai pore, and previous results (21, 47, 48) . Furthermore, analysis of the atomic dOrai structure (21) allowed the identification of Phe 99 as an additional constriction site, whereas the results from previous studies and our cysteine scanning approaches suggested that Gly 98 is located closer to the center of the pore (Fig. 5F) (47, 48) . Next, taking an analogous cysteine scanning approach, we determined the channel conformation of the constitutively active Orai1-H134A mutant. As in wild-type Orai1, efficient cysteine cross-linking (Glu 106 and Val
105
) included the selectivity filter, as well as Leu
95
. Cross-linking of V105C and V102C (Fig. 5G ) was significantly reduced compared to that in wild-type Orai1 with identical mutations. As in our molecular dynamics simulations, a decrease in the side-chain flexibility of these cysteines would interfere with crosslinking efficiency (Fig. 5D) . The middle segment of the Orai1-H134A pore (Phe  99 to Ser   93 ) exhibited overall enhanced amounts of crosslinking (Fig. 5G, which was significant for F99C, G98C, A94C , and S93C) that agreed with the enhanced flexibility observed within the open pore in molecular dynamics simulations (Fig. 5D ). The largest difference in cross-linking was observed for R91C and F99C. R91C cross-linked in wild-type Orai1 but not in the Orai1-H134A mutant (Fig. 5, E to G) . Instead, F99C dimerized only in the Orai1-H134A mutant. The altered flexibility of the side chains is presumably not the only factor contributing to the difference observed for R91C. Instead, these results suggest that the R91C side chains are differently oriented in the open-channel conformation. Molecular dynamics simulations of Orai1-H134A also showed an increased pore size at Arg 91 ( Fig. 5B ) and an increased distance between the side chains compared to wildtype Orai1 ( fig. S7B ). Overall, these results indicate that wild-type Orai1 and Orai1-H134A have similar pores with two local, but essential, conformational changes: increased pore diameters in the hydrophobic segment and the segment near Arg
91
. Such small changes upon Orai1 gating are expected to retain some structural restrictions within the pore and explain the extraordinarily low femtosiemens conductance of Ca 2+ ions in Orai1.
Gating in the Orai1-H134A channel is mediated by a switch in the position of Arg 91 side chains Closer inspection of the Arg 91 residue in the wild-type Orai1 simulations revealed that three side chains were constantly positioned in the center of the pore (Fig. 6A and fig. S8A ). In contrast, in the Orai1-H134A simulations, all Arg 91 side chains were twisted toward the outside of the pore (Fig. 6B and fig. S7B ) to form hydrogen bonds with the backbone or side chain of Ser
90
. These hydrogen bonds were rare in wild-type Orai1 (Fig. 6, A and B) but occurred frequently in Orai1-H134A channels, with almost all Arg 91 side chains bound to Ser 90 in the simulations (Fig. 6, C and D) . Furthermore, we used steered molecular dynamics to assess how the Arg 91 side chains were affected when a single Ca 2+ ion was pulled through the pore of either wild-type Orai1 ( fig. S8 , A and C, and movie S1) or Orai1-H134A ( fig. S8, B and D) . In wild-type Orai1, the Arg 91 side chains switched their position, moving out of the pore center when Ca 2+ crossed ( fig. S8C ) and creating a larger pore surface (Fig. 6E ). This conformation is strikingly similar to that in the Orai1-H134A pore (Fig. 6, E and F) . When Ca 2+ was pulled through the Orai1-H134A pore, the position of the Arg 91 side chains was largely unaffected, because this channel had already adopted a Ca 2+ -permeable configuration (Fig. 6F and fig. S8, B and D) . The force that was required to pull a Ca 2+ ion through Arg 91 was also higher for the wild-type Orai1 as compared to the Orai1-H134A pore ( fig. S8E) . Hence, the results of these experiments indicate that the large positive charge of Arg 91 side chains contributes to hindered permeation in wild-type Orai1, and that a gating trigger site located at TM2 opens the Arg 91 gate.
Formation of a water molecule chain in the constitutively active Orai1-H134A decreases hydrophobic gating barriers Is the Arg 91 side chain switch alone responsible for Orai1 channel gating? A helix turn that mainly affects the hydrophobic pore segment of the Orai1 channel has been reported as a main mechanism for STIM1-dependent channel gating (23) . However, in all our simulations of various human wild-type Orai1 and mutants, the pore helix orientation was unaltered (Fig. 6, G and H, and fig. S9A ). To further address this question, we focused on the effects of substituting a small glycine at Arg
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91
. This Orai1-R91G mutant lacks constitutively active Ca 2+ permeation even with a small side-chain substitution of the Arg 91 gate (24, 46) . To compare the roles of Arg 91 and the hydrophobic side chains in gating, the wild-type Orai1 (Fig. 7, A to D) , Orai1-R91G mutant (Fig. 7, E to H) , and Orai1-H134A (Fig. 7, I to L) were examined in molecular dynamics simulations. The pore size around the Arg 91 position was more extended in Orai1-R91G channels than in Orai1-H134A, indicating that the increased space around Arg 91 was not enough to exclusively gate Orai1 channels. In the hydrophobic pore segment, Orai1-R91G exhibited a similar arrangement of pore-lining residues (Fig. 7E) as wildtype Orai1 (Fig. 7A) . The hydrophobic pore segment of the Orai1 mutant and wild-type channels completely lacked any ions (Fig. 7, B , F, and J, and fig. S9, B to D) . In the wild-type and mutant Orai1 channels, Ca 2+ and Na + ions were present close to the selectivity filter and the extracellular calcium-accumulating region (CAR) (12) , and several Cl − ions were present within the basic pore segment. In wild-type Orai1, water molecules were absent from the hydrophobic pore segment during most of the simulation time (Fig. 7, B and C) , and only single water molecules were observed within the Orai1-R91G channel (Fig. 7, F and  G) . In contrast, the slight pore size increase observed in Orai1-H134A channels resulted in the presence of a double chain of water molecules along the length of the channel (Fig. 7, J and K) . The presence of this water chain within the hydrophobic Orai1-H134A pore segment yielded a highly ordered dipole moment (Fig. 7L) , with hydrogen groups facing the selectivity filter of the channel. The enhanced presence of water in a constitutively active Orai1-V102A mutant has previously been calculated to reduce the energetic barrier for cation permeation (49) . Our results indicate a chain of water molecules exclusively in the constitutively active Orai1-H134A channels, which favors the concept of Ca 2+ permeation by way of water in Orai1 channels.
Partially active Orai1 mutants display similar but less pronounced gating conformation
The concept of two gating sites, a hydrophobic and an Arg 91 gate, was further investigated in the pathophysiologically relevant Orai1-L138F mutant and in Orai1-A137V because they showed limited Ca 2+ permeation. Molecular dynamics simulations of Orai1-L138F and Orai1-A137V indicated that the pore-lining residues were conserved as in wild-type Orai1 (Fig. 8A) . Still, the surface constriction of the hydrophobic part was shortened in Orai1-L138F, and the pore surface increased around Arg 91 in both mutants (Fig. 8A) . No pore helix rotations were observed in these mutants. The backbone flexibility was decreased in the hydrophobic part of both Orai1 mutants, and the flexibility of the basic segment increased in Orai1-L138F, in a similar manner as to that previously observed in Orai1-H134A (Fig. 8B) .
To experimentally address these alterations, we carried out cysteine scanning experiments on Orai1-L138F (Fig. 8, C and D) , Orai1-A137V ( fig. S10A) , and the constitutively active pore mutant Orai1-V102A ( fig. S10B ). All three Orai1 mutants (L138F, A137V, and V102A) exhibited similar cross-linking profiles as wild-type Orai1, experimentally supporting the hypothesis that pore-lining residues are conserved. These results, as well as those of the molecular dynamics simulations, provide support for our hypothesis that local rather than global rearrangements affect Orai1 channel gating in the constitutively active mutants. Moreover, fewer cysteine positions resulted in significantly altered cross-linking compared to those of Orai1-H134A, a result that agrees with the partial activity of these Orai1 mutants. Significantly increased dimerization of residues mainly occurred in the hydrophobic segment between Val 102 and Gly 98 (Fig. 8E and  fig. S10, A and B) . Instead, cross-linking of Arg 91 was unaltered in all three Orai1 mutants. Still, Orai1-L138F (Fig. 8F) and Orai1-A137V (Fig. 8G) The hydrophobic pore gating site was evaluated by visualizing the chain of water molecules and its orientation in wild-type Orai1 (Fig. 9 , A to C), Orai1-L138F (Fig. 9 , D to F), and Orai1-A137V (Fig. 9, G to I) . A single chain of water molecules was visualized in the hydrophobic part in the Orai1-L138F channel (Fig. 9, D and E) , whereas water molecules formed a double chain in the Orai1-A137V channel (Fig. 9 , G and H), similar to the Orai1-H134A channel (Fig. 6F) . The water molecules showed dipole orientation within the hydrophobic part of the pore (Fig. 9, C, F , and I). The dynamic movement of water molecules within the wild-type Orai1 and mutants (Orai1-H134A, Orai1-L138F, Orai1-A137V, and Orai1-R91G) was determined by measuring the water survival probability in restricted segments of the selectivity filter and the hydrophobic and basic parts of these channels ( fig. S11) . In simulations for all channels, water molecules left the hydrophobic part quickly ( fig. S11 ). In contrast, water molecules remained longest near the basic segment, presumably because of orientation of Cl TM2-located gating trigger that controls Ca 2+ permeation of Orai1 channels by two distinct gates.
DISCUSSION
Systematic analysis of Orai1 large-scale cancer genomics data identified five constitutively active Orai1 mutants, derived from various human cancers. The increased cytosolic Ca 2+ concentrations caused by these Orai1 mutations resulted in activation of NFAT and MITF without requiring physiological stimuli. The transcription factors MITF and TFEB remain in the cytosol because of phosphorylation by MTOR and translocate into the nucleus upon starvation or other stimuli (39) . Although Ca 2+ efflux from lysosomes activates these transcription factors under physiological conditions (37) , constitutively active Orai1 mutants can bypass this signaling cascade due to overall enhanced cytosolic Ca 2+ concentrations. Our work on the Orai1 channel may serve as a template for investigating cancer-associated mutations in many Ca 2+ signaling proteins. Hence, the mutations in a Ca 2+ channel characterized here could serve as an additional point of investigation in addition to assessing the abundance of Ca 2+ channels and downstream signaling proteins in cancer biology.
The localization of three Orai1 mutations derived from the cancer database or associated with myopathy (A137V, L138F, and M139V) within the TM2 helix directly pointed to a structural site that controls Orai1 channel gating. In particular, His 134 was identified to frequently interact with the pore helix residues Ser 
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of STIM1 to the N terminus could be a direct way to induce such a conformational change (8, (50) (51) (52) . In contrast, an interaction of STIM1 to the C terminus may require a cascade of local conformational changes, including uncoupling of the TM3 helix from the nexus region, a loop connecting TM4, and the C terminus (53) . Mutations within the nexus region result in constitutive Orai1 channel activity. In addition, any mutation of Pro 245 within TM4 results in constitutive Orai1 Ca 2+ entry (54) . This proline controls the orientation of the TM4 helix and might mimic uncoupling of the nexus region. The close connection of Gly 183 with His 134 might direct this conformational step further. Accordingly, mutations in Gly 183 also affect Orai1 channel gating (55) . Hence, these residues may provide a network to signal the docking of STIM1 to the C terminus to the central pore.
Compared to previously investigated constitutively active pore mutants (22, 47) , the Orai1 TM2 mutants allowed us to directly monitor the sequential regulation of gating sites in the pore. Moreover, the constitutively active Orai1-H134A mutant substantially retained Ca 2+ selectivity even in the absence of STIM1. Gating was initiated by increased flexibility of the cytosolic pore segment, whereas the selectivity filter segment became more rigid. Pore helix flexibility was altered by disrupting hydrogen bonds through an H134A mutation or by enhanced hydrophobic contacts through A137V or L138F mutations. The slight increase in hydrophobic pore size induced by these TM2 mutations caused a chain of water molecules to form in the pore. In contrast, the closed pore of wild-type Orai1 was free of any water molecules. Within the hydrophobic segment, Val 102 and Phe 99 have been previously characterized as a hydrophobic gate because mutation of these residues results in constitutive channel activity (22, 23) . On the basis of earlier molecular dynamics simulations, the open conformation has been reported to require a rotation of the pore helix that would switch Phe 99 out of the pore center (23) . These molecular dynamics simulations differ from ours with respect to the force field used and solvent and membrane composition, which apparently lead to differences in the stability of the closed wild-type Orai1 channel conformation, because we did not observe any rotation of the pore helix in our molecular dynamics simulations in the absence of an external stimuli or trigger. The wild-type Orai1 channel remained in the closed conformation as represented by the crystallized Orai channel (21) .
STIM1 triggers conformational changes in Val 102 and the selectivity filter (46) and restores Ca 2+ selectivity in Orai1-V102A mutants (22) . Simulations on an equivalent V102A mutation in the dOrai channel suggest that the energetic barrier of the hydrophobic segment is largely attenuated (49) . Here, we showed that Orai1 mutations that confer constitutive activation induced the formation of chain of water molecules that would be expected to lower the energetic barrier for Ca 2+ permeation. Hence, our results demonstrate that the hydrophobic gate is regulated by TM connectivity.
In the closed conformation of the wild-type Orai1 pore, the highly positively charged cluster is the most rigid segment, which forces the positively charged Arg 91 side chains to face the center. Consequently, Ca 2+ ions are efficiently repelled by this positive charge. The crystal structure of the dOrai channel shows a negatively charged ironhexachloride plug interacting with Arg 91 and side chains of a positively charged cluster of residues located deeper in the pore. Cl − ions might also help to stabilize the closed conformation of the pore (21) . The increased flexibility of the positively charged pore segment in constitutively active Orai1 mutants allows Arg 91 to form hydrogen bonds with the neighboring Ser 90 residue and twist out of the pore center. A similar twist involving Arg 91 side chains occurs when a Ca 2+ ion is pulled through the wild-type Orai1 channel. This essential Arg 91 gating rearrangement widens the local constriction site by 1 to 2 Å and thus reduces the positively charged barrier. A decrease in the cross-linking of Arg 91 has also been observed for an Orai1-G98P mutant that yields constitutively active but nonselective channels (25) . The hydrophobic and Arg 91 gates require minimal energetic effort to switch in the open-channel conformation but retain some constriction during Ca 2+ permeation. This gating mechanism therefore is expected to allow only slow Ca 2+ permeation, which is a hallmark of SOC channels (56) . Although a single gate in many ion channels is sufficient to control permeation, others have more than one gate (57) . A comparison of Orai1 pore mutants that lack one of the two gates, such as Orai1-V102A and Orai1-R91G channels, indicates that the hydrophobic gate is predominant, because only the Orai1-V102A channels are constitutively active (24, 46) . However, the V102A substitution lowered the energetic barrier of not only the hydrophobic gate but also the Arg 91 gate to some extent (49) .
In conclusion, our screen of the cancer database for Orai1 mutations revealed that a TM2 segment functions as a trigger site for Orai1 channel gating. Our results described a sequential process for Orai1 channel gating. The connectivity of the TM helices directly regulated the hydrophobic and Arg 91 gates. Analysis of this gating mechanism provided important insights into STIM1-induced Orai1 gating as well as Ca 2+ permeation; namely, that even minute structural manipulations open the channel gate. We showed that the resulting Ca 2+ signals activated the transcription factors NFAT and MITF. Hence, the results of these studies have allowed us to structurally link a trigger site in cancer-and myopathy-associated Orai1 mutations with channel gating and Ca
2+
-dependent gene transcription.
MATERIALS AND METHODS
Plasmids N-terminally tagged Orai1 constructs (accession number NM_ 032790.3) were cloned into the Sal I and Sma I restriction sites of pECFP-C1 and pEYFP-C1 expression vectors (Clontech). GFP-TFEB and GFP-MITF were purchased from Addgene and subcloned into peCFP vectors. hOrai1 D1-64, N223A, and cysteine-free (C126V, C143V, and C195V) constructs were used for cross-linking, as described in (12) . Point mutations in Orai1 constructs were introduced using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The integrity of all resulting mutants was confirmed by sequence analysis (Eurofins Genomics).
Transfections
HEK293T cells were transfected with TransFectin (Bio-Rad) with 0.5 mg of Orai1 constructs or mutants and 1 mg of STIM1. RBL cells were electroporated with 6 mg of STIM1, 6 mg of Orai1 or mutants, and 12 mg of pNFAT-TA-mRFP. Cells were regularly tested for mycoplasm contamination.
Membrane preparation HEK293T cells cultured in 12-cm dishes were transfected with 15 mg of plasmid using TransFectin (Bio-Rad) following the manufacturer's instructions. Twenty-four hours after transfection, cells were harvested and washed twice in a Hank's balanced salt solution buffer containing 1 mM EDTA. After centrifugation (1000g for 2 min), cell pellets were resuspended in homogenization buffer [25 mM tris-HCl (pH 7.4), 50 mM NaCl, protease inhibitor (Roche)] and incubated on ice for 15 min. Lysed cells were passed 10 times through a 27-gauge half-inch needle and centrifuged at 1000g for 15 min at 4°C to pellet debris. Twenty-one microliters of the supernatant was analyzed by 12% SDS-polyacrylamide gel electrophoresis (PAGE) either without or after the addition of 1 mM CuP (copper-phenanthroline) or 5 mM bis(2-mercaptoethyl)sulfone.
Disulfide cross-linking Supernatants (21 ml) were mixed with 1 mM CuSO 4 /1.3 mM ophenanthroline (final concentration) (Sigma) and incubated for 10 min on ice. Reactions were stopped by the addition of an equal volume of quenching solution [50 mM tris-HCl, 20 mM N-ethylmaleimide, 20 mM EDTA (pH 7.4)]. Samples were mixed with nonreducing Laemmli's buffer, heated for 15 min at 55°C, and subjected to a 12% SDS-PAGE. Separated proteins were transferred to a nitrocellulose membrane and immunoblotted with an antibody recognizing Orai1 (Sigma). Each experiment was performed at least five independent times. The quantification of percentage of cross-linking was calculated with the program ImageJ (National Institute of Mental Health).
Electrophysiological recordings HEK293T cells were transfected (TransFectin, Bio-Rad) with 1 mg of mCherry-STIM1 and 0.5-mg DNA of eYFP-Orai1 constructs. Electrophysiological experiments were performed 24 to 34 hours after transfection, using the patch-clamp technique in whole-cell recording configurations at 21°to 25°C. An Ag/AgCl electrode was used as the reference electrode. Voltage ramps were applied every 5 s from a holding potential of 0 mV, covering a range of −90 to 90 mV over 1 s. For passive store depletion, the internal pipette solution included 145 mM Cs methanesulfonate, 20 mM EGTA, 10 mM Hepes, 8 mM NaCl, and 3.5 mM MgCl 2 (pH 7.2). Standard extracellular solution consisted of 145 mM NaCl, 10 mM Hepes, 10 mM CaCl 2 , 10 mM glucose, 5 mM CsCl, and 1 mM MgCl 2 (pH 7.4). Na-DVF solution included 150 mM NaCl, 10 mM Hepes, 10 mM glucose, and 10 mM EDTA. A liquid junction potential correction of +12 mV was applied, resulting from a Cl − -based bath solution and a sulfonate-based pipette solution. All currents were leak-corrected by subtracting the initial voltage ramps obtained shortly after break-in with no visible current activation from the measured currents or at the end of the experiment using La 3+ (10 mM).
Fluorescence-based Ca 2+ imaging HCT-116 cells were loaded with 1 mM Fura-2 AM (in RPMI + 10% fetal calf serum + 10 mM Hepes), and measurements were performed in Ringer solution containing 155 mM NaCl, 4.5 mM KCl, 10 mM glucose, 5 mM Hepes, and 2 mM MgCl 2 + 1 mM CaCl 2 for 1 mM Ca 2+ ; 3 mM MgCl 2 + 1 mM EGTA for 0 mM Ca 2+ . Store-operated calcium entry (SOCE) was triggered using 1 mM thapsigargin in Ringer solution.
Fluorescence imaging
For CFP/YFP-labeled constructs, a QLC100 real-time confocal system (VisiTech International) connected to two Photometrics Cool-SNAPHQ monochrome cameras (Roper Scientific) and a dual port adapter (dichroic, 505lp; cyan emission filter, 485/30; yellow emission filter, 535/50; Chroma Technology Corp.) were used for recording fluorescence images. This system was attached to an Axiovert 200M microscope (Zeiss) in conjunction with two diode lasers (445 and 515 nm; Visitron Systems). Image acquisition and control of the confocal system were performed with Visiview 2.1.1 software (Visitron Systems). For YFP/RFP experiments, an Axiovert 100 TV microscopy was used and fluorescence was recorded from individual cells with excitation of 514 and 565 nm, respectively. Extracellular solution was identical as for fluorescence microscopy.
Molecular dynamics simulations
A structural model of human Orai1 channel was obtained using homology modeling procedure, as described previously by Frischauf et al. (12) .
S C I E N C E S I G N A L I N G | R E S E A R C H A R T I C L E
Orai1 mutants were created by in silico point mutation in YASARA (58) . Proteins were inserted into a preequilibrated palmitoyloleoylphosphatidylcholine (POPC) bilayer using the InflateGRO method. The initial (closed) protein conformation was maintained in the presence of cholesterol and POPC. Molecular dynamics simulations were performed in GROMACS 4.6.5 using all-atom optimized potentials for liquid simulations (OPLS-AA) force field, as previously described by Frischauf et al. (12) . Molecular dynamics simulations were run for 200 ns. The program HOLE was used for the pore dimensions analysis (59) . GROMACS analysis tools (g_hbond, g_rms, and g_dist) were used to calculate the number of hydrogen bonds, root mean square (RMS) fluctuations, and distances. VMD was used to visualize trajectories and for figure preparation (60) . For water molecule analysis, only the water molecules contained within a cylinder of 8 Å around the center of the pore of the Orai channel were considered. The trajectories were analyzed using MDAnalysis (61) and the water analysis module (62) . The Ca z position of W76 is taken for the zero reference. Mean z positions for the Ca residues lining the pore are given on the right of the water orientation graphs.
Because cholesterol-depleted membranes lead to an open conformation of Orai1 (63), cholesterol was included in the simulated system. Cholesterol parameters (64, 65) for the OPLS-AA force field were used. AutoDock Vina (66, 67) implemented in YASARA was used to place the cholesterol molecules in close proximity to the Orai1 channel, using docking in which the protein was kept rigid and the ligand was flexible, and was performed to identify potential cholesterol binding sites across the whole hexameric structure. Docked poses with an RMS deviation for the heavy atoms of <5 Å were clustered together. The three highest ranked poses were selected from the most populated clusters, and the resulting complex was embedded into a preequilibrated POPC bilayer. Throughout all molecular dynamics simulations, the wild-type Orai1/cholesterol/POPC system maintains its initial conformation (as measured by RMS fluctuations and secondary structure over time), and the pore profile stays similar to the one observed in the initial structure and the Drosophila crystal structure, making it a suitable system for introducing point mutations that would alter the pore profile.
Steered molecular dynamics, as implemented in GROMACS pull code, was used to pull calcium ion through the wild-type Orai1 and H134A mutant structures. Calcium ion in the CAR was selected as the starting point for pulling along z axis through the central pore toward the intracellular side. Pulling method umbrella was used, where pulling group (calcium ion) is harmonically attached to the reference particle. By applying force, the reference particle is moved with constant pulling rate. The pulling group (calcium) harmonically attached to the reference particle is moved according to the equation F = k (vt − x), where F is the force, k is the spring constant, v is the pulling rate (velocity), t is the time, and x is the displacement of the pulled group. Pulling rate was −0.00055 nm/ps (minus is required to pull in negative z direction), and spring constant was 1000 kJ mol −1 nm −2 . The HOLE program was used to calculate pore dimensions. The starting point, approximately at the center of the channel, and a vector are required for the initiation of the search. The vector was defined along the z axis of the channel. After the initial point and vector are defined, a sphere is put at the initial point without overlapping with protein atoms. Monte Carlo simulated annealing procedure is applied to maximize the sphere radius in all three dimensions until the largest radius is reached at the current position. Then, a new point is assigned at a distance of 0.2 Å in the z direction. This procedure is repeated to find the maximum radius along the whole pore. VMD tool was used to visualize the final output of HOLE run.
The survival probability gives the probability for a group of particles to remain in a certain region. This probability is computed by using the following formula:
Nðt; t þ tÞ NðtÞ ð1Þ
where T corresponds to the simulation time length, t is the time lag, and N(t) is the number of particles at time t. This function is evaluated for different regions at constant interval along the z axis, axis normal to the membrane. Only the water molecules present in the cylinder defining the pore are taken into account. A steep decrease of P(t) would indicate a fast exchange rate of water molecules in a given area or molecules with a short permanence time. Conversely, a slow decay of the survival probability would describe an area where molecules have slower dynamics.
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